Abstract. The dark matter in the galaxy cluster Abell 1689 is modelled as an isothermal sphere of neutrinos. New data on the 2d mass density allow an accurate description of its core and halo. The model has no "missing baryon problem" and beyond 2.1 Mpc the baryons have the cosmic mass abundance. Combination of cluster data with the cosmic dark matter fraction -here supposed to stem from the neutrinos -leads to a solution of the dark matter riddle by left and right handed neutrinos with mass 1.847 ± 0.016 eV/c 2 . The thus far observed absence of neutrinoless double beta decay points to (quasi-) Dirac neutrinos: uncharged electrons with different flavour and mass eigenbasis, as for quarks. Though the cosmic microwave background spectrum is matched up to some 10% accuracy only, the case is not ruled out because the plasma phase of the early Universe may be turbulent.
Introduction
The status of dark matter (DM) is paradoxical. While the cosmic microwave background (CMB) [1, 2] and baryon acoustic oscillations [3] bring strong support for a WIMP (weakly interacting massive particle), the axion or perhaps a sterile neutrino, three decades of (in)direct searches have consistently left the researchers empty handed. Recent experiments include LUX [4] , an underground Xe experiment, the Large Hadron Collider (LHC) in its 2012-2014 run at 7-8 GeV [5] , the Alpha Magnetic Spectrometer at the International Space Station measuring electrons, positrons and (anti)protons [6, 7] , and the Fermi X-ray telescope [8, 9, 10] . None of them yielded a decisive clue. Hopes are now set on the 13 TeV run at the LHC, till now again without dark matter hints, the next one of Lux and the first of Xenon1T.
In parallel with this, the 2-12 GeV gamma-ray excess radiation in the Galactic center is likely not due to dark matter but of astrophysical origin [11, 12] , while the possibility of a 7 keV warm dark matter particle (sterile neutrino) related to a 3.5 keV X-ray line observed first in Andromeda and the Perseus cluster [13] is fading now that it is not observed in Draco [14, 15] .
But are we perhaps barking up the wrong tree? Various tensions with Λ cold dark matter (ΛCDM) cosmology are known, let's mention a few. Planck confirms the existence of anomalies, in particular the cold spot [16] , which may be aligned with a supervoid [17] ; on a scale of nearly a giga parsec, 19 quasars have been observed with spins likely aligned with their hosts large-scale structures [18] ; a ring of nine gamma ray bursts spreads more than 5 billion light matter is introduced and developed and a fit is presented. The results are combined with results from Planck and neutrinoless double beta decay. The paper closes with a summary.
The galaxy cluster Abell 1689
Abell 1689 is a rather large, well relaxed galaxy cluster that has long been studied. An initiating WL study of A1689 was performed in [39] . Ref. [40] reports a SL analysis yielding Σ for radii up to 270 kpc. Ref. [41] employs an entropy-regularized maximum likelihood analysis of the lens magnification and the distortion of red background galaxies detected with Subaru. Ref. [42] unveils the 3d structure of galaxy clusters such as A1689 and resolves the discrepancy between X-ray and lensing masses. Ref. [43] fits the NFW profile of cold dark matter [44] with the concentration parameter c 200 = 8 − 9 [43] . However, it is known that modelling only the central data r < 300 kpc leads to smaller values, 4 − 5. An NFW fit of the combined data leads to c 200 = 4.5 [45] . Nowadays the focus is on the trixiality of A1689 [42, 46, 43] . However, the spherical approximation will serve our goals, since most of the matter is dark and more spherical than the gas.
Most authors focus on the NFW profile, so that no information about the mass of the DM particle is obtained. Still, some groups consider isothermal fermions. Cowsik & McClelland [47] model the DM of the Coma cluster as an isothermal sphere of neutrinos, which leads to a mass 3 of ≃ 2 eV. Treumann et al. study 2 eV thermal neutrinos next to thermal CDM and X-ray gas for clusters like Coma [48] . We apply an isothermal fermion model for a single type of dark matter, for the galaxies and the X-ray gas; a fit to lensing data of the Abell 1689 cluster works well and yields as best case the neutrino with mass ∼ 1.5 eV [49] . This approach has been followed up whenever new data became available. In [50] we apply the model to SL data by [51] and X-ray data by [52] , confirming the result. In [45] we adopt the galactic matter profile of [53] , to find that neutrinos perform better (χ 2 /ν ∼ 0.7) than the NFW profile (χ 2 /ν ∼ 2.2).
Data sets to be employed.
Recently, Umetsu et al. perform a WL analysis combined with some magnification properties [43] , which provides important information as we shall discuss below. The authors provide 14 data points Σ i wl at 124 < r i < 2970 kpc and the correlation matrix C wl ij . The latter needs no regularisation, because each bin has S/N > 1. The methods for combining the WL shear and magnification effects to derive the radial mass density profiles are explained in [46, 54] . Between 124 and 270 kpc the data overlap with those of [40] .
We take additional data for Σ(r) from SL analysis by Limousin et al [40] . For description of the analysis we also refer to [45] . There result 12 data points (r i , Σ i sl ) for 3 < r i < 270 kpc and their covariance matrix C sl ij , which has eigenvalues between 0.03Σ 2 c and 1.4 10 −8 Σ 2 c . To account for information due to (implicitly assumed) priors and for further scatter, we add a constant σ 2 sl to the diagonal elements, so that the role of the small eigenvalues is suppressed. This leads to the modified covariance matrix
. We choose σ sl on an empirical basis. In order not to erase the information coded in C sl , one needs σ 2 sl ≪ 0.03Σ 2 c . In [45] we take the average of the diagonal elements, now we even allow half of it:σ 2 sl = tr C sl /24 = (0.0375Σ c ) 2 . We also employ the 13 data points for g t between 200 kpc and 3 Mpc from the WL study [43] . While based on better statistics, they overlap with the data of [41] .
The data for n e we take from Morandi et al [52] , who analyze Chandra X-ray observations. The density profile is recovered in a non-parametric way by rebinning the surface brightness into circular annuli via spherical deprojection [55] , see also the discussion in [45] . 
Modelling the baryons
In a galaxy cluster there are three components: Galaxies, X-ray gas and dark matter. The galaxy mass density is dominated by the brightest cluster galaxy (BCG, "central galaxy" cg). An adequate profile with mass M G , core size R i G and scale R o G is [53] 
it is a cored, truncated isothermal sphere. The mass density of the X-ray gas follows [52] as ρ g (r) = 1.167 m N n e (r) for a typical Z = 0.3 solar metallicity [49] . The 56 data points for n e with the maximum of the upper and lower errors fit quite better to a cored Sérsic profile than to a β-profile. The Sérsic profile has the form
The best fit parameters are n 0 e = 0.0670 ± 0.0028 cm −3 , k g = 1.98 ± 0.25, R g = 21.6 ± 2.7 kpc, n g = 2.97 ± 0.14. (3) The value χ 2 (n e )/ν = 1.71 with ν = 52 implies the marginally acceptable q-value 0.0010 for our spherical approximation. A fit to a β model yields χ 2 (n e )/ν = 6.3, far from acceptable.
Towards data fits.
SL data yield the 2d mass density
Within a disc of radius r it has the average Σ(r) = 2r −2 r 0 dr ′ r ′ Σ(r ′ ). In weak lensing one determines the transversal shear, which is related to Σ and Σ as
The data of [43] involve Σ c = 0.682 h 70 gr cm −2 . We fit our parameters by minimizing χ 2 (Σ, g t , n e ) = χ 2 (Σ, g t ) + χ 2 (n e ), where the lensing errors add up to
4. NFW fitting. Minimising only χ 2 wl (Σ)+χ 2 wl (g t ) leads to ν = 27−2 and χ 2 /ν = 1.25, implying the good q-value 0.18, in support of a recent Bayesian analysis [43] . However, the SL data put stress on this. Ref. [45] reports [χ 2 sl (Σ) + χ 2 wl (g t )]/ν = 2.2 for its regulator σ sl = √ 2σ sl and ν = 20 so that q = 1.5 10 −3 , marginally acceptable; this case now yields χ 2 (Σ, g t )/ν = 2.21 for ν = 37 with a bad q-value 3.3 10 −5 . Our presentσ sl yields χ 2 (Σ, g t )/ν = 2.98 with ν = 37 and q = 3.3 10 −9 , very bad. All by all, NFW fits are less satisfactory for the combined SL and WL data.
Neutrino model.
For the DM we now consider g identical, nonrelativistic thermal fermion modes, denoted by ν, with mass m ν and chemical potential m ν µ, at temperature T ν = m ν σ 2 ν . With potentional energy m ν ϕ(r) due to all gravitating matter, its mass density reads
Because positive energy particles will have escaped from the cluster, the integral is restricted to the domain p 2 /2m ν + m ν ϕ(r) < m ν ϕ(∞) ≡ 0. The gravitational potential ϕ is solved from the Poisson equation ϕ ′′ + 2ϕ ′ /r = 4πGρ, with the total mass density ρ = ρ G + ρ g + ρ ν . The data in fig. 1 expose that Σ does not decay fast for r > 300 kpc. Hence our previous fits [49, 50, 45] with a large chemical potential µ and fast decay of ρ ν (r) do not apply. But this turns out to be a blessing: isothermal fermions can produce a good fit to the data including the tails. Then, when plotting the baryon fraction . The absence of a "missing baryon problem" around r ms allows to eliminate it theoreticallly: we take the gas density from the observations and continue its fit (2) beyond 1 Mpc, solve ρ ν from the Poisson equation up to some mass separation radius r ms and impose beyond r ms the cosmic ratio ρ ν (r) = (1/f c b − 1)ρ g (r), so that it holds there that M ν (r) = (1/f c b − 1)M b (r) and f b (r) = f c b (see Fig. 3 ). To achieve the matching, we set f c b =f c b ± δf c b and add to χ 2 (Σ, g t , n e ) the combination 
with
, all taken at r ms , and likewise for the ρ's. f b G is the baryon fraction of the BCG, which we take as 1, though f G b =f c b would hardly change the fit. The best minimum yields χ 2 (Σ, g t , n e ) + χ 2 ms (r ms ) = 131.9 for ν = 97 − 11 d.o.f., so that its q = 0.0011 slightly improves the gas-only value. The χ 2 sl (Σ) = 5.63, χ 2 wl (Σ) = 8.33, χ 2 wl (g t ) = 28.8 add up to χ 2 (Σ, g t ) = 42.7. Their ν = 39 − 6 d.o.f. imply χ 2 (Σ, g t )/ν = 1.29 and the good lensing-alone q-value 0.12. The fits for Σ and g t are represented in figs. 1 and 2, respectively.
Accounting for the variation of r ms causes conservative error bars. The BCG has mass and inner and outer radius
The gas fit (3) does not get altered within the error bars when combining its data with the lensing data. The velocity dispersion and chemical potential read
Finally, the from (7) the fermion mass comes out in the combination gm ν /λ 3 ν ∼ gm 4 ν due to the thermal length λ ν = √ 2πh/m ν σ ν . The fit yields 
This exceeds the 1.45±0.03 of [49] , the 1.55±0.04 of [50] and the 1.51±0.04 eV of [45] . However, in those works an additional type of dark matter is assumed, and modeled explicitly in Ref. [45] . The depth of the potential well ϕ(0) = −19.4 ± 0.4 10 6 km 2 /s 2 has also a comparable systematic error from the extrapolation of the gas data beyond 1 Mpc with the Sérsic profile. 
with M (r ms ) = (16.4 ± 0.7)10 14 M ⊙ , leads to a consistent picture: Beyond r ms the cosmic acceleration dominates the attraction to the cluster, preventing mass separation. Hence, unlike r 200 , r ms has a clear physical meaning.
The cosmic budget and neutrinoless double beta decay
The mass (11) depends on the degeneracy factor g: In the cluster a smaller DM particle mass can be compensated by a larger degeneracy, at fixed g 1/4 m. At the cosmic scale gm gets fixed, lifting the degeneracy. Each active (anti)neutrino has a number density n a ν = 55.86 cm −3 and we assume that sterile ν's are also thermal. Supposing there are N f = 3 + ∆N f neutrino families with g = 2N f degrees of freedom, all having basically a mass of 1.92 eV, the cosmic budget . Mass densities of Galaxies, X-ray gas and neutrinos in A1689, normalised to the critical density ρ c (z), as function of r. The dotted line presents the gas density if it had the cosmic fraction of the neutrino mass density. Its overlap beyond r ms indicates that our model avoids a missing baryon problem; its near-overlap at the origin a is surprise. The surplus from 20 to 650 kpc and the depletion from 650 to r ms = 2050 kpc show that the neutrinos are cored. comes out as Ω ν = (N f /6) 3/4 (0.251 ± 0.019)h −3/2 70 , where we reinserted Hubble's constant [49] . The physical density parameter thus reads Ω ν h 2 = (N f /6) 3/4 (0.123 ± 0.009)h 1/2 70 . The Planck cold dark matter fraction is Ω c h 2 = 0.1188 ± 0.0010 [2] . Neutrinos can exactly account for this in case N f = 6, g = 12, which amounts to the 3 active and 3 sterile ones (3+3 model), all having nearly the same mass. That case for ∆N f = 2 needs m ν = 2.14 eV which is ruled out [34] .
In general it is not required that the masses are equal, and neither the chemical potentials nor the velocity dispersions. While neutrino oscillations have shown small mass differences between the active neutrinos, reactor experiments expose hints for one, two or possibly 3 sterile neutrinos with eV mass differences; at least two sterile species are needed to explain We considered only neutrinos bound to the cluster. Accounting, as in our earlier works, also for the unbound ones would overlook that they probably had time enough to escape to infinite. The case yields anyhow a mass and other parameters compatible within the error bounds.
We noticed the overlap of our Ω ν = gm ν n a ν /ρ c with the Ω c from the CMB. Equating them and taking the smaller error of the latter [2] offers a sharper prediction for the 3+3 Dirac mass. The effective number of active neutrino families N a f = 3.046 [59] yields g = 12(N a f /3) 3/4 = 12.14, implying a sharp prediction for their mass,
which is independent of the Hubble parameter H 0 . The Dirac nature implies that the ∆m 2 ∼ 1 eV 2 effects seen so far at 2σ-3σ evidence in neutrino oscillations must be statistical flukes. Much effort will be needed to test this prediction and establish its Dirac mass differences ∆m 12 = 1.1 10 −5 m ν and |∆m 13 | = 3.5 10 −4 m ν = 1.3 10 −9 m e . It is generally expected that active neutrinos have sub-eV masses, implying that they hardly contribute to the cosmic mass budget. Within our approach this case leads to 5 or 6 sterile neutrino families (3+5, 3+6 models). These extra modes are massless during big bang nucleosynthesis, so while they may put stress on observations of 4 He and D, they may actually help to soften the 7 Li problem [59] .
Massive neutrinos are known not to describe the CMB correctly. Our 3+3 Dirac model with m ν = 1.85 eV, can be fit to the Planck CMB data [2] . With the CLASS-code [60] we find that the parameter set Ω b h 2 = 0.0245, h = 0.725, τ reio = 0.175, A s = 2.19 10 −9 , n s = 1.33 and Y He = 0.25 achieves to have the peaks at the right positions with amplitude at 70% of the first acoustic TT peak and within some relative 10% below or above the other TT, TE and EE peaks. It remains to be seen whether the deviations can be repaired by the effects of turbulence.
Summary
The dark matter of the galaxy cluster A1689 is modelled by isothermal neutrinos. The fit works well and is remarkably consistent, without "missing baryons". Beyond the mass separation radius r ms = 2.1 Mpc the baryon fraction is cosmic, consistent observations [61] ; the Newton force, weaker than the cosmic acceleration cH 0 /4π, is unable to achieve mass separation. When for r < r ms the actual ratio of the mass densities of the ν's and the X-ray gas is compared to the cosmic ratio, the "excess mass" of the ν-core is compensated in the outskirts [61] by an ν under-concentration between 0.7 and 2.1 Mpc, rather than by a baryon over-concentration [62] .
The rotation around the cluster centre has a maximum of 2330 km/s at r = 430 kpc due to the neutrino core (Fig. 6) , a further test for the model. The central X-ray gas density appears to be near the cosmic baryon ratio w.r.t. the local neutrino dark matter density (Fig. 5) .
It is desirable to have gas data beyond 1 Mpc, so that the extrapolation employed in our model is better constrained. Likewise, a new strong lensing analysis may update the 2007 Limousin et al result [40] , which is central for sharply fixing the model parameters, and known to lead to NFW fits different from the ones for weak lensing.
Our cluster results stem with the cosmic ones if there exist 3 Dirac neutrino families with mass of approximately 1.85 eV/c 2 . This is not automatically ruled out by free streaming because the plasma may have been turbulent, as expected from its high Reynolds number and from the stretched exponential shape of the galaxy power spectrum [26] . Perhaps the 7 Li problem [59] can be solved by small-scale temperature differences arising from turbulence. Support for the neutrino picture may come from the "cosmic train wreck" galaxy cluster Abell 520, where a central clump with huge mass-to-light ratio 800M ⊙ /L R⊙ exhibits DM separated from the galaxies [20, 21, 22] . This is a puzzle for ΛCDM, but colliding cores of degenerate neutrinos may partly end up in the center due to the exclusion principle. After all, "neutrino stars" (i.e., neutrino cores) may act as nuclei in heavy ion collisions. Likewise, such cores may hinder each other and cause an offset between baryonic and dark mass as in Abell 3827 [23] , where it is larger than ΛCDM can explain [24] .
Neutrinos of mass 1.85 eV/c 2 become nonrelativistic at redshift 7900, so near the recombination they behave like cold dark matter and explain most of the CMB data, up to some 10% accuracy. However, the standard theory of linear fluctuations does not account for turbulence effects, so that a match may still arise. The KATRIN experiment searches the neutrino mass down to 0.2 eV/c 2 . Most likely they are Dirac particles with mass in theν e itself, so that the detection or rejection of our prediction will be achievable.
